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Measurement of Keyhole Effect in a Wireless
Multiple-Input Multiple-Output (MIMO) Channel

Peter AlmersStudent Member, IEEEredrik Tufvesson, and Andreas F. Molis&enior Member, IEEE

Abstract—it has been predicted theoretically that for some “pinhole.” It is related to scenarios where scattering around
environments, the capacity of wireless multiple-input multiple-  the transmitter and receiver lead to low correlation of the
output systems can become very low even for uncorrelated S'gnals?signals, while other propagation effects, like diffraction or

this effect has been termed *keyhole” or *pinhole.” In this letter, -0 jiding, lead to a reduction of the rank of the transfer
we present the (to our knowledge) firstmeasuremenof this effect. ) . . .
The measurements are done in a controlled indoor environment, fUNction matrix. The effect has been predicted and discussed
with transmitter and receiver in two adjacent rooms. One of the theoretically but, to our knowledge, no unique measurements
rooms is shielded, and propagation to the other room can occur of a keyhole have been presented in the literature.
only through a hole or a waveguide in the wall. We find that only |n this letter, we present results from a measurement campaign
:Ee waveguide I(;:_ﬁds”to an urrtamb(ljgllJous keyht_ole, V'\‘;lh”e a hole i’fperformed at Lund University. Several previous measurement

€ same size st alows mullimodal propagation. Measuremen campaigns had searched for the keyhole effect due to tunnels
of amplitude statistics also confirm theoretical predictions. A . .

or corridors in real environments, but the effect has been

Index Terms—bouble complex Gaussian, eigenvalues, keyhole,elusive. Therefore, we have used a controlled environment with
measurements, multiple-input multiple-output (MIMO). a waveguide as the only connection between rich scattering
environments around the transmitter and receiver locations.
In this letter, we present measured channel capacities for
three different channel setups, we study the distribution of the
eigenvalues and finally we investigate the received amplitude
|. INTRODUCTION - . .

statistics to compare our measurements to theoretical studies.
ULTIPLE-INPUT multiple-output (MIMO) wireless
communication systems are systems that have multi-el- Il. MEASUREMENT SETUP

ement antenna arrays at both the transmitter and the receive]t .

. . he measurements were performed with one antenna array
side. It has been shown that they have the potential for Iar%e . . . .
: ! . " : ated in a shielded chamber, and the other array in the adjacent
information-theoretic capacities, because they provide severaﬁ

. S ) room. A hole in the chamber wall was the only propagation
independent communications channels between transmitter an y propag

. . . . path between the rooms. We measured three different hole
receiver [1]. In an ideal multipath channel, the MIMO Capac“@onfigurations-
is approximately N times the capacity of a single-antenna - . .
system, whereN is the smaller of the number of transmit D :t[]aoclﬁgés(lrfe?e‘lr?;gztomarg W't;]zZS%S;T] long waveguide
or receive antenna elements. Correlation of the signals at the wavegu '

antenna elements leads to a decrease in the capacity—thig) a hole of size 4% 22 mm without waveguide (“small

. . . hole”);
effect_ has been investigated both theoretically [2], [3] and 3) a hole of size 308& 300 mm without waveguide (“large
experimentally [4]. hole”)

It has recently been predicted theoretically that for some he || t-siah b h .
propagation scenarios, the MIMO channel capacity can beT € line-ol-siy t (LOS) between the transmitter ar_ltenna
d the waveguide (or hole) and between the waveguide and

low (i.e., comparable to the single-input single-output (SIS . . .
capacity) even though the signals at the antenna elementst fe receiver antenna were ob;tructed by ab;orblng material
uncorrelated [5], [6]. This effect has been termed “keyhole” & siz€ 600x 600 mm. L_mear V|rt_ual arrays with 6 antenna
positions and omnidirectional conical antennas were used both
at the transmitter and the receiver; the measurements were

Manuscript received January 24, 2003. The associate editor coordinating&qﬁhe during night time to ensure a static environment. The
review of this letter and approving it for publication was Prof. D. P. Taylor. This ,

work was supported in part by the Swedish Foundation for Strategic Reseaf@gasurements were performed using a vector analyzer (Rohde
under an INGVAR grant. & Schwarz ZVC) at 3.5-4.0 GHz, where 101 complex transfer
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' nction samples spaced 5 MHz apart were recorded. The
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Malmo, Sweden (e-mail: Peter.Almers@es. lth.se). received signal was amplified by 30 dB with an external low
F. Tufvesson is with the Department of Electroscience, Lund University,
SE-221 00 Lund, Sweden (e-mail: Fredrik. Tufvesson@es.lth.se). 1in this letter, we use the original definition of keyholes. Recently, some au-
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1089-7798/03%$17.00 © 2003 IEEE



374 IEEE COMMUNICATIONS LETTERS, VOL. 7, NO. 8, AUGUST 2003

peee

noise power amplifier to achieve a high signal-to-noise ratio
(SNR). High SNR is required to be able to measure the keyhole ~ ogf--)!
properties and not the properties of the noise. The measurement gl ... . '
SNR ranged between 23 and 27 dB, where in this case noise

include thermal noise, interference and channel changes during . 7
the measurements. o.6r

| == correlation model |
;| -3~ small hole

\.i-| <O~ waveguide

-=-= pertect keyhole

0.5

Ill. RESULTS 04l

Complemetary CD

We evaluate the keyhole effect by studying the channel 0al-
capacity, the eigenvalues and the correlation of the measured
channel matrices. Following [1], we consider the channel
capacity as a random variable whose realization depends on °'f
the exact location of the transmit and receive array. Each 05
channel realizationm, is described by a transfer function
(Nrx X Ntyx) matrix H,, and its GrammiarH,,,H],, where
Ngrx and Nt denotes the number of receive and transmiig. 1. Channel capacity complementary CDFs for different setups with equal
antennas, respectively, armT denotes the matrix Conjugatenumber of transmitter and receiver antenna elements.

30
Channel capacity [bit/s/Hz]

transposeH,,, is normalized agy [“HmH%} = Ngr< N7y OVer 25 o ST SRR %
- iid. : : : L
all realizations, wheré’ [] is the expectation. The capacity for § largehole ; ; LT
each channel realization is the well-known Shannon capacity - small hole : e :
20H O~ waveguide | ... . s ..i,* ............ :
K P -~ perfect keyhole RO ’
Cpm = lo 1+ ——=A 1 e
" ; ° Npgo2 @)
= 15.

whereo? is the variance of the white Gaussian noiBeis the
total power and\; ,,, are the eigenvalues &, H! ; K is the
number of nonzero eigenvalues. For the evaluation of the meag 10
sured capacity, we insert our measured transfer functions (asdeg | %
scribed in Section Il) into (1). For an “ideal multipath channel,” ;
H = G, whereG is defined as a random matrix with inde-
pendentidentically distributed (i.i.d.) complex Gaussian entries. : : : 5 :
For the theoretical keyhole the channel matrix is rank one anc ¢ s i i i j
the elements are distributed according to an i.i.d. double com-
plex Gaussian distribution, i.é]] = GKG, whereK f is the
all ones matrix [5]. Fig. 2. Mean channel capacity versus the antenna array size for equal number
In order to cleanly separate the effects of signal correlatiohtransmitter and receiver elements.
from the true keyhole effect, we investigate the capacity de-
crease in correlated Gaussian channels. We estimate the recdéegapacity decrease due to signal correlation (i.e., an effect that

| capacity [bit/s/Hz]

Array size

and transmit antenna correlation matrices as is different from a keyhole effect). For the correlated capacity
X 1 M - the channels is modeled as [2]
Ry* = Hf H,, (2) N1/2 ~1/217T
W 2, (L] = (R 6 [R5 @

M where the correlation matrix corresponds to measured correla-

1
H = M N Z H,, H}, ®) tions, the square root is defined R3/2 (Rl/z)T =R.

m=t Fig. 1 shows the measured complementary cumulative distri-
where M is the number of transfer function samples 4l pution function (CCDF) of the channel capacities for the three
denotes matrix transpose. In our measurements of the “waugte configurations with an SNR of 15 dB. For comparison, the
guide” the corresponding receive and transmit antenna correjgures also presents the i.i.d. capacity, the correlated capacity

tion vectors are estimated as and the capacity for a perfect theoretical keyhole. We see that
1.0 1.0 the measured capacity for the “waveguide” setup is very close
0.42 0.41 to the simulated perfect keyhole. Possible reasons for the differ-
x| = 0.37 x| = 0.087 1 ences include: 1) noise; 2) channel variations during the mea-
024 7 0.22 surements; 3) residual correlations; and 4) a too small number of
0.17 0.46 channel realizations. With the “large hole” the capacity is close
0.18 0.59 to ani.i.d. channel and the CCDF for its measured capacity is in

These values were obtained with a limited number of transfeetween the curves for the i.i.d. model and the correlated model.
function samplegM = 101) due to the long duration of the The difference in capacity between the measured “waveguide”
measurements. The correlation matrices allow a predictionarid “large hole” configuration is up to 17 b/s/Hz. The CCDF
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these eigenvalues for the ideal i.i.d. channel is around 2 dB. The
difference between the largest and smallest eigenvalues (i.e., the
condition number of the matri¥,,H! ) is almost 50 dB for

the “waveguide”. The “small hole” setup also shows a signif-
icant difference from the “large hole” and i.i.d. setup. Except
for the largest eigenvalue, the measured eigenvalues are, how-
ever, around 10 dB larger for the “small hole” compared to the
“waveguide.”

Finally we investigate the statistics of the received ampli-
tudes for the “waveguide” and “large hole” setups. In Fig. 4
histograms of the received amplitudes are shown for the two
cases. As areference we have also shown the probability density
functions (pdfs) for the amplitude of a complex Gaussian (i.e.,
Rayleigh) variable and a double complex Gaussian variable. The
received amplitudes with the “waveguide” correspond well to
the double Gaussian distribution, which confirms the predic-
tions of [5]. The received amplitudes for the “large hole”, how-

Eigenvalue [dB]
s

4
Ordered eigenmodes

Fig. 3. Mean of the ordered eigenvalues in decibels (dB).

g 1 =] 3:53;2"3‘.’.\;, ox Gausslan ever, correspond to a Rayleigh distribution since in this case the
208 —— complex Gaussian channel can be described@serich scattering channel though
Zos all paths into the chamber is through the large hole.
o
gozty T o IV. CONCLUSIONS

00 05 1 1.5 2 25 3

This letter presented the first experimental evidence of the
keyhole effect in wireless MIMO systems. Using a controlled
indoor environment, we found keyholes with almost ideal
properties: the correlations at both the receiver and at the
transmitter are low but still the capacity is very low and almost
identical to a theoretical perfect keyhole. Our measurements
use a waveguide, a small hole without waveguide, and a hole
of size 300x 300 mm as the only path between the two rich
scattering environments. For the small hole there is a loss in
Fig. 4. Envelope distribution for the “waveguide” and for the “large hole€aPacity compared to the ideal case, but for the large hole the
measurements. capacity is almost as large as for a theoretical Gaussian channel

with independent fading between the antenna elements. We
for the correlation model shows the decrease in capacity relagtlicipate that the keyhole effect due to real-world waveguides
to the receive and transmit antenna correlation, and shows aldee tunnels or corridors will usually be very weak, and thus
pacity that is more than 11 b/s/Hz higher than the “waveguiddifficult to measure, as (at typical cellular frequencies) such
measurement. In Fig. 2 the mean capacities versus the numiaveguides are heavily overmoded, and thus will not lead to
of antenna elementsyr, = Ny, are shown for an SNR of rank reductions. This tallies with previous investigations that
15 dB. In this figure it can clearly be seen that the capacity féeund correlation the major capacity-reducing effect.
the “waveguide” setup nearly follows that of a perfect keyhole.
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